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Abstract
This study examines the molecular effects of drought and recovery applications on four strawberry (Fragaria × ananassa
Duch) cultivars known as relatively heat-tolerant [‘Redlands Hope’ (‘R. Hope’) and ‘Camarosa’] and heat-sensitive [‘Festival’
and ‘Cal. Giant-3’ (‘CG-3’)]. After frigo seedlings were grown in a greenhouse for eight weeks (until they had five-six leaves) in
a pot, 10% Poliethyleneglycol 6000 (PEG) was applied in order to compose drought condition for 15 days. Following PEG
application, plants were watered without PEG for 15 days to observe the recovery. Leaf relative water content (RWC), loss of
turgidity, cell membrane injury, proline content and the activities of ascorbate peroxidase (APX, EC 1.1.11.1), glutathione
reductase (GR, EC 1.6.4.2) and peroxidase (PRX, EC 1.11.1.7) were determined in leaf tissues taken from plants at the end of
the drought and recovery applications. Although membrane injury was increased by the PEG application, it reduced almost to
the control levels at the end of the recovery period. Proline contents were found higher in cvs. ‘R. Hope’ and ‘Camarosa’ than
cvs. ‘Festival’ and ‘CG-3’ under drought conditions. APX and GR enzymes showed great activities in drought applied plants of
heat-tolerant cultivars. Native polyacrylamide gel electrophoresis (PAGE) of basic PRX isozymes yielded three protein bands
with Rf = 0.45, Rf = 0.55 and Rf = 0.60 that were sharply increased their activities by PEG and recovery applications in cvs. ‘R.
Hope’ and ‘Camarosa’. In addition, leaves of all cultivars exposed to drought rolled up and had brown colour in various level as
an indication of tolerance. Indeed ‘Camarosa’ and ‘R. Hope’ showed better recovery performance after rewatering than
‘Festival’ and ‘CG-3’. All data indicated that heat-tolerant cultivars showed relatively drought tolerance in this study.
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Introduction

According to the climatic change models, extreme
climatic events is predicted in next decades (IPCC, 2014).
Therefore, plants are exposed to various supraoptimal
conditions during their life cycles as a result of open-field
growing. Poliethyleneglycol (PEG) is a neutral polymer used
to impose water stress by exposing the root system of plants
and PEG 6000, with its medium molecular weight, is
preferred for it’s better to work with plants (Ming et al.,
2012; Grzesiak et al., 2013). But with the rewatering,
recovery of plant growth and photosynthesis would appear
immediately through growing new plant parts and
decreasing peroxidation (Xu et al., 2010). In this sense,
electrolyte leakage is an effective means of measuring cell

membrane thermostability and has been used as an
indicator of direct membrane injury in many stresses (Gulen
and Eris, 2004; Gulen et al., 2008; Kesici et al., 2013).
Stress-induced reactive oxygen species (ROS) cause lipid
peroxidation and therefore membrane injuries, protein
degradation, enzyme inactivation can be seen in cellular
level (Sairam et al., 2005). As a free radical scavenger proline
also acts and may be more important in overcoming stress
than in acting as a simple osmolyte (Reddy et al., 2004;
Verslues and Bray, 2006). Plants exposed to drought stress
can overcome with oxidative stress via activation of some or
all the antioxidant enzymes (Srivalli et al., 2003; Jung,
2004). Detoxification of hydrogen peroxide (H2O2) in
plants is essential for cell protection and cell signaling.
Peroxidases (PRX) found in all plants and utilize either
H2O2 or O2 to oxidize a wide variety of molecules (Yoshida
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et al., 2002). In addition, Ascorbate peroxidase (APX) and
Glutathione reductase (GR) are found in almost every
compartment of the plant cell and they participate in the
removal of H2O2 (Mittler and Poulos, 2005; Liu et al.,
2017).
Since heat waves and drought periods occur often
simultaneously, it is good to know the response of plant
varieties to both in stress conditions and in breeding
procedure. Therefore, the purpose of the study is to
investigate if there is a correlation between heat and drought
tolerance of the cultivars as well as to determine the
responses of the cultivars to drought stress. Besides some
physiologic measurements, changes in activities of PRX, GR
and APX were analyzed during drought and recovery in
four strawberry cultivars that were indicated as heat-tolerant
(‘R. Hope’ and ‘Camarosa’) and heat-sensitive (‘Festival’
and ‘CG-3’) in our previous work (Kesici et al., 2013).
Materials and Methods

Biological material, drought and recovery
Cold stored (frigo=stored at -2 oC until planting)
seedlings of strawberry (Fragaria x ananassa cvs. ‘Camarosa’,
‘CG-3’, ‘Festival’ and ‘R. Hope’) were planted in 12 cm pots
using perlite: torf: soil (1:1:1) mixture. Plants were grown
for eight weeks (plants had five-six leaves) in a greenhouse
with day/night mean temperature of 25/10 oC, average
relative humidity of 70%, photoperiod of 1 h and watered
on need basis to avoid any water stress by Actagro (7- 7- 7)
(Actagro LLC, Biola, CA, USA) nutrient solution. In order
to compose drought condition, 10% PEG 6000
(Poliethyleneglycol) was applied for 15 days. Meanwhile,
control plants were watered regularly. Following the PEG
treatments, plants were watered without PEG for 15 days to
observe recovery. Parts of the leaves from each group of
plants were then processed for determination of leaf RWC,
loss of turgidity and cell membrane injury. Remaining leaves
were right away frozen in liquid nitrogen and stored at -80
o
C until used for proline and enzyme analyses.
Leaf RWC and loss of turgidity
Leaf RWC and loss of turgidity (%) were measured
using the methods of Gulen and Eris (2003). For obtaining
turgid weight, 2 cm leaf discs were floated on distilled water
in a Petri dish for 4 h at room temperature. After
incubation, leaf discs were removed from the Petri dish,
surface-blotted, and immediately weighed. For oven drying,
leaf discs were put in a new dry Petri dish with a lid and
placed in an oven at 70 °C for 48 h. After incubation leaf
discs were weighed. Leaf RWC and loss of turgidity were
measured as follow:
RWC (%) = [(fresh weight-dry weight) / (turgid
weight-dry weight)] × 100;
Loss of turgidity (%) = [(turgid weight- fresh weight) /
turgid weight] × 100.
Cell membrane injury
Cell membrane injury was determined by using the
procedures of Arora et al. (1992) with some modifications
(Kesici et al., 2013). Leaf discs 2 cm in diameter were cut
from fullyexpanded, uniform leaves from each replicate per

treatment. Discs were lightly rinsed in distilled water, gently
blotted with paper, and placed in test tubes. Then, 20 mL of
distilled water was added to each test tube. Samples were
then vacuum infiltrated to allow uniform diffusion of
electrolytes and incubated for 4 h at room temperature.
After incubation, the electrical conductivity of each solution
was measured using a conductivity meter. Leaf discs were
then killed in the same solution by autoclaving, and total
conductivity was measured at room temperature.
Percentage injury at each temperature was calculated from
ion leakage data using the equation:
% injury = [( % L(a) - % L(c)) / (1 - % L(c))] where %
L(a) and % L(c) were the percentage ion leakage for the
applications and control samples, respectively.
Proline content
Proline content was determined according to the Bates
et al. (1973) with the modifications for strawberry plant
(Ergin et al., 2016). 0.5 g leaf samples were homogenized in
3% sulfosalicylic acid and centrifuged at 5000 × g at 4 °C for
15 min. The mixture was heated at 100 °C for 1 h in a water
bath after the addition of acid ninhydrin and glacial acetic
acid. The reaction was then stopped by an ice bath. The
mixture was extracted with toluene and the absorbance of
the fraction with toluene aspired from the liquid phase was
read at 520 nm.
Proline concentration was determined by calibration
curve and expressed as µmol proline g−1 fresh weight (FW).
The concentration of proline was calculated using a proline
standard curve (0-1,000 µM):
[(µg proline/ml × mL toluene) / 115.5 µg/µmole]/[(g
sample)/5] = µmole proline/g of FW;
µmol proline/g FW = (A520nm × 1mL toluene /115.5
µg/mmol) g of FW.
Analysis of antioxidant enzymes
For APX and GR analysis, enzymes were extracted at
0-4 °C from 0.5 g of leaves, by grinding them with mortar
and pestle in 1% polyvinylpyrrolidone 40 (PVP-40) and 2
mL of the following extraction solution (Turhan et al.,
2008): for APX, 50 mM K-PO4 buffer, pH 7.8, 50 mM
ascorbate; for GR, 50 mM K-PO4, pH 7.6, 0.1 mM EDTA.
APX activity was determined at 290 nm, according to
Nakano and Asada (1980). The concentration of oxidized
ascorbate was calculated using the extinction coefﬁcient (£
= 2.8 mM–1 cm–1), 1 U of APX and was deﬁned as µmol
ml–1 ascorbate oxidized per minute. GR activity was
determined by following the oxidation of β-Nicotinamide
adenine dinucleotide phosphate (NADPH) at 340 nm
(extinction coefﬁcient 6.2 mM–1 cm–1) (Cakmak and
Marschner 1992).
PRX was extracted from leaf tissues using the extraction
methods described by Gulen et al. (2002). Discontinuous
PAGE was performed for acidic and basic PRX,
respectively, according to Davis (1964) and Reisfeld et al.
(1962). The gel was stained for PRX using the method of
Wendel and Weeden (1989). The relative distance (Rf
value) of the bands on the gel was calculated as described by
Manganaris and Alston (1992) using Rf=1.0, distance to
the fastest band and Rf=0.0, the starting point. Bands were
compared densitometrically by using the Public Domain
NIH Image program (available on the internet at
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http://rsb.info.NIH.gov/nih-image/). Areas under the
absorbance curve were expressed as arbitrary units.
Statistics
The experiment was arranged in a randomized block
design. Two applications and three replicates were utilized.
Data obtained were submitted to ANOVA, and the mean
separation was accomplished by Duncan at p < 0.05 (Table
1). All statistical analyses were carried out using the SPSS
22.0 software program.
Results

Leaf RWC and loss of turgidity
Leaf RWC of all cultivars changed depending on
applications (Fig. 1). In all cultivars, RWC decreased with
drought and increased with recovery. ‘R. Hope’ covered leaf
RWC in drought with the value of 71.0%. ‘Camarosa’,
‘Festival’ and ‘CG-3’ cultivars followed ‘R. Hope’ with 63.0,
58.0 and 53.0% of RWC, respectively. However, loss of
turgidity in all cultivars was increased by the drought (Fig.
2). ‘CG-3’ showed the highest loss of turgidity (~41.0%)
and ‘R. Hope’ (22.0%) showed the lowest with the drought.
Although turgidity loss decreased in all cultivars with
recovery, ‘Festival’ kept the highest level. Two-way
ANOVA revealed a significant effect of applications,
cultivars and the interaction of applications and cultivars on
RWC and loos of turgidity (Table 1).
Cell membrane injury
Cell membrane injury was measured by electrical
conductivity in control, PEG applied and recovered plant
leaves. PEG increased the percentage of cell membrane
injury in the leaves of all cultivars (Fig. 3). In this sense, ‘CG3’ had the highest injury (~70.0%) while the ‘R. Hope’ had
the lowest (~2.0%). However, after rewatering, cell
membrane injury in recovered plants was almost at the same
level with the control. Effects of drought and recovery on
leaves also can be seen in Fig. 8. Two-way ANOVA revealed
a significant effect of applications, cultivars and the
interaction of applications and cultivars on cell membrane
injury (Table 1).

Proline content
The change in the proline content was measured in
control and treated plant leaves. The highest value of
proline content (Fig. 4) was found in the PEG-treated cvs.,
‘R. Hope’ (1,256.0 µM/gFW), ‘Camarosa’ (1,023.0
µM/gFW), ‘CG-3’ (648.0 µM/gFW) and ‘Festival’ (531.0
µM/gFW) respectively. In addition, proline content of heattolerant cultivars decreased with the recovery while it
continued to increase in heat-sensitive cultivars. Two-way
ANOVA revealed a significant effect of applications,
cultivars and the interaction of applications and cultivars on
proline content (Table 1).
Activities of antioxidant enzymes
In general, APX activity did not change significantly in
control, PEG and recovery plants of ‘CG-3’ and ‘Festival’
(Fig. 5). The average APX activity of ‘CG-3’ was about 3.5
µmol/mg protein while it was about 4.5 µmol/mg protein in
‘Festival’. Similar results were observed in control and
recovered plants of ‘Camarosa’ and ‘R. Hope’. On the other
hand, APX activity was markedly raised in plants exposed to
PEG when compared to control and recovered plants of
‘Camarosa’ (7.0 µmol/mg protein) and ‘R. Hope’ (10.0
µmol/mg protein). GR activity of the PEG applied ‘R.
Hope’ and ‘Camarosa’ plants significantly increased in
comparison with the control plants (Fig. 6). On the other
hand, GR activity of ‘Festival’ and ‘CG-3’ did not change
significantly. While GR activity was 16.0 units mg protein-1
in control plants, it drastically increased in PEG-treated
‘Camarosa’ plants (58.0 units/ mg protein). Similarly, while
GR activity in control plants was 18.0 units mg protein-1, it
increased to 58.0 units mg protein-1 in PEG applied ‘R.
Hope’ plants. On the other hand, GR activity of cvs.
‘Festival’ and ‘CG3’ almost unchanged in control, PEG
applied and recovered plants. Two-way ANOVA revealed a
significant effect of applications, cultivars and the
interaction of applications and cultivars on APX and GR
activities (Table 1).
Native PAGE analysis of the samples was repeated at
least three times with similar results. Thus, data from a
single representative experiment are presented herein.
Native PAGE profiles of isoperoxidases of control, PEG

Table 1. Analysis of variance (ANOVA) of applications (Apps), cultivar (Cvs.), and their interaction for leaf relative water content (RWC), loss of
turgidity, cell membrane injury, proline content and, the activities of ascorbate peroxidase (APX) and glutathione reductase (GR)
Dependent variable
RWC
Loss of Turgidity
Cell Membrane Injury
Proline Content
APX activity
GR activity
Note: Numbers represent F values at the 0.05 level

Independent variable
Apps.

Cvs.

266.111

57.246

Apps. × Cvs.
15.525

(P < 0.001)

(P < 0.001)

(P < 0.001)

313.462

70.981

24.999

(P < 0.001)

(P < 0.001)

(P < 0.001)

951.068

446.660

408.165

(P < 0.001)

(P < 0.001)

(P < 0.001)

643.033

51.538

161.573

(P < 0.001)

(P < 0.001)

(P < 0.001)

845.850

447.440

390.370

(P < 0.001)

(P < 0.001)

(P < 0.001)

1513.483

237.475

447.988

(P < 0.001)

(P < 0.001)

(P < 0.001)
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Fig. 1. Changes in leaf relative water content (RWC) of
strawberry cultivars subjected to the drought by PEG
application and recovered by rewatering application. The data
are presented as the mean ± S.E.M. (Standard Error of Means)
of three replicates and significantly different (P < 0.05)
followed by different letters above the bars

Fig. 2. Changes in loss of turgidity of strawberry cultivars
subjected to the drought by PEG application and recovered by
rewatering application. The data are presented as the mean ±
S.E.M. (Standard Error of Means) of three replicates and
significantly different (P < 0.05) followed by different letters
above the bars

Fig. 3. Changes in cell membrane injury of strawberry cultivars
subjected to the drought by PEG application and recovered by
rewatering application. The data are presented as the mean ±
S.E.M. (Standard Error of Means) of three replicates and
significantly different (P < 0.05) followed by different letters
above the bars

Fig. 4. Changes in proline content of strawberry cultivars
subjected to the drought by PEG application and recovered by
rewatering application. The data are presented as the mean ±
S.E.M. (Standard Error of Means) of three replicates and
significantly different (P < 0.05) followed by different letters
above the bars

applied and recovered plants revealed predominantly basic
isoperoxidases, whereas acidic isoperoxidases could not be
observed. Native PAGE of basic PRX isozymes yielded
three bands with Rf=0.45 Rf=0.55 and Rf=0.60

respectively (Fig. 7). Although basic PRX bands were faint
and barely observed in control (unstressed) sample, the
bands were observed commonly with different band
intensities in the PEG application. Arbitrary values of bands
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Fig. 5. Changes in ascorbate peroxidase (APX) activity of
strawberry cultivars subjected to the drought by PEG
application and recovered by rewatering application. The data
are presented as the mean ± S.E.M. (Standard Error of Means)
of three replicates and significantly different (P < 0.05)
followed by different letters above the bars

Fig. 6. Changes in glutathione reductase (GR) activity of
strawberry cultivars subjected to the drought by PEG
application and recovered by rewatering application. The data
are presented as the mean ± S.E.M. (Standard Error of Means)
of three replicates and significantly different (P < 0.05)
followed by different letters above the bars

Fig. 7. Native PAGE of basic peroxidase (PRX) activities of the leaf tissue of four strawberry cultivars subjected to the drought by
PEG application (P), recovered by rewatering application (R) and, unstressed (=control, C). Arbitrary values of basic PRX bands
present arbitrary values of A, B, and C according to control (%)
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Fig. 8. The leaves of four strawberry cultivars, (a) ‘Camarosa’, (b) R. Hope, (c) Festival, (d) CG-3, in response to PEG induced
drought and recovery applications. The leaves at left were from the plants watered throughout the experiment (unstressed,
control); those in the middle were subjected to drought stress by PEG application before being watered again; those at right from
the plants rewatered for 15 days (recovered)

vary among the cultivars and results showed that heattolerant cultivars (‘R. Hope’ and ‘Camarosa’) had more
intensive PRX activity than sensitive cultivars (‘Festival’ and
‘CG-3’). After recovery period band intensities decreased in
bands B and C with Rf values 0.55 and 0.60, respectively.
However, in band A, PRX activity continued to increase
especially in heat-tolerant cultivars.
Discussion

RWC and loss of turgidity are important characteristics
that influence plant water relations under drought stress
condition. Farooq et al. (2009) reported that droughttolerant species maintain water-use efficiency by reducing
the water loss. Many studies showed that water-stressed
plants had lower RWC and higher loss of turgidity than
non-stressed ones (Siddique et al., 2001; Abbate et al., 2004;
Efeoğlu et al., 2009; Vassileva et al., 2011). According to
Vassileva et al. (2011), the down-regulation of physiological
activities related to water conservation in stress-tolerant
wheat varieties may improve the chances to survive, save

resources and serve as a basis for rapid recovery after stress
phase.
Even though many of the changes that appear during
drought stress can be reversible by rehydration, irreversible
changes can emerge till death if the stress is too great.
Membranes are dynamic structures that support numerous
biochemical and biophysical reactions. ROS are over
synthesized and accumulated under stressed conditions and
this cause an aggressive damage to the biological membranes
and organic molecules (Anjum et al., 2017). Cell membrane
stability on the measurement of cell membrane injury is a
physiological index commonly used for the evaluation of
stress tolerance and membrane stability of leaf tissues is
shown as the most important parameter in the screening of
drought tolerant genotypes (Dhanda et al., 2004).
According to Gulen and Eriş (2003), ion leakage is an
effective tool in measuring cell membrane thermostability
and an indicator directly used in heat damage and in also
heat-tolerant genotype screening (Kesici et al., 2013). A
study of Bajji et al. (2002) on durum wheat showed that the
drought sensitive cultivar ‘Kabir 1’ had a greater relative
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membrane injury. Stress tolerant genotypes like in durum
wheat and tomato showed lower ion leakage than
susceptible genotypes (Bajji et al., 2002; Roy et al., 2009).
Such changes are frequently related to an increase in
membrane permeability, affecting membrane integrity and
cell compartmentation under stress conditions. Similarly, in
present study heat-tolerant cvs. ‘R. Hope’ and ‘Camarosa’
had lower ion leakage than heat-sensitive cvs. ‘Festival’ and
‘CG-3’.
In general, the synthesis and accumulation of osmolytes
vary among plants species as well as among different
cultivars of the same species under the different
environment (Efeoglu et al., 2009). According to Bradford
and Hsiao (1982), an extensive literature indicates that
drought stress induces accumulation of proline. Increase in
the free proline content suggests that proline is one of the
common compatible osmolytes under water stress
condition (Kumar et al., 2011; Anjum et al., 2017).
Mohammadkhani and Heidari (2008) reported that the
proline content of maize varieties 704 and 301 was elevated
linearly with the increase of water deficit. Xiong et al.
(2012) showed that drought stress induces a simultaneous
accumulation of proline in rice. In peagonpea, severe
progressive stress leads to about 25-fold more accumulation
of proline as compare to control (Kumar et al., 2011). In
this study, proline content was increased in four cultivars by
PEG application whereas it was decreased only in heat
tolerant cvs. ‘Camarosa’ and ‘R. Hope’ by rehydration.
However, proline content kept increasing linearly in heatsensitive cvs. ‘Festival’ and ‘CG-3’.
It is known that ROS cause lipid peroxidation, and
consequently membrane injuries, protein degradation and
enzyme inactivation (Sariam et al., 2005). Therefore, plant
cells need different mechanisms that will enable the
detoxification of excess ROS and keep the formation and
removal of ROS in balance (Kavas et al., 2013). The
antioxidant enzymes are known as the most efficient
mechanisms of oxidative stress and the enzymes in the
ascorbate-glutathion cycle have an important role. Among
these enzymes, APX and GR have the main role in plant
methabolizm to cope with drought stress. Therefore,
increased the enzyme activities are known to confer
oxidative stress tolerance (Farooq et al., 2009).
APX is a central component of AsA-GSH cycle and
plays an essential role in the control of intracellular ROS
levels. GR, a NAD(P)H-dependent enzyme, catalyzes the
reduction of GSSG to GSH and, thus, maintains high
cellular GSH/GSSG ratio (Sharma et al., 2012). In this
study, APX and GR activity was increased markedly in PEG
application in comparison to the control and recovery
application of ‘Camarosa’ and ‘R. Hope’. However, APX
and GR activities of ‘CG-3’ and ‘Festival’ remained stable.
These results are in a good agreement with the study by
Sanchez-Rodriguez et al. (2010) and Wang et al. (2009)
which found that enzyme activities of drought-tolerant
varieties were found higher in tomato and alfalfa plants,
respectively.
Native PAGE of PRX was performed to obtain acidic
and basic isozyme profiles of leaf tissues subjected to the
drought for various durations. Basic isoenzymes have been
suggested that they might provide H2O2 for other
peroxidases (Walter, 1992). According to Sharifi et al.

(2012) there’s a strong negative correlation between cell
membrane damage and activity of PRX enzyme in drought
stress condition in wheat lines and it can be concluded that
more activity of PRX enzyme in drought stress condition
leads to increased cell membrane and chlorophyll stability,
and it is related to the drought resistance of different lines.
Moreover, Signorelli et al. (2013) compared two legume
varieties and reported that higher tolerance to drought
and/or heat was associated with concerted up-regulation of
key detoxifying enzymes in several crop species/varieties
leading to better ROS protection along with the stability of
key metabolic processes like photosynthesis. In the present
study, data from native PAGE indicated three basic
isoperoxidases with different intensities according to
applications. PRX activities were greater in heat-tolerant
cvs. ‘R. Hope’ and ‘Camarosa’ especially in PEG and
recovery applications. Thus, greater PRX activity indicated
protection of cell membrane stability of heat-tolerant
cultivars and contributed to the better recovery.
To summarize, in general during a drought, especially
such a short-term drought as we did, plants may exhibit
upward curling or rolling of leaves and/or yellowing and
browning of leaves, particularly along leaf edges and tips.
The recent study by Simova-Stoilova et al. (2016) reported
the importance of the velocity and degree of recovery after
the drought stress period. Moreover, Zwicke et al. (2015)
indicated that the physiological activities level after a severe
drought, recovery phase and the completeness of recovery
are important for genotype comparison. As it was seen in
Fig. 8, PEG-induced drought caused strawberry leaves to
roll up and have a brown colour in all cultivars. Since the
level of symptoms was vary among cultivars, it may be
evaluated as an indication of tolerance of cultivars to
drought. ‘Camarosa’ and ‘R. Hope’ showed better recovery
performance after rewatering than ‘Festival’ and ‘CG-3’
having upward curling and brown colour along leaf edges of
recovered plants. In conclusion, all data indicated that heattolerant cultivars showed relatively drought tolerance in this
study. When the ion leakage results of ‘Camarosa’ and ‘R.
Hope’ evaluated together with enzyme activities, it’s
thought that significant increase of the enzymes under
drought and recovery application may protect the
membranes and relatively improve the chances to survive.
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